Background--Endoplasmic reticulum (ER) resident protein 44 (ERp44) is a member of the protein disulfide isomerase family, is induced during ER stress, and may be involved in regulating Ca 2+ homeostasis. However, the role of ERp44 in cardiac development and function is unknown. The aim of this study was to investigate the role of ERp44 in cardiac development and function in mice, zebrafish, and embryonic stem cell (ESC)-derived cardiomyocytes to determine the underlying role of ERp44.
T he endoplasmic reticulum (ER) is an important organelle within the cell that has various functions, primarily involving synthesis and folding of proteins, as well as Ca 2+ storage and signaling. Normal ER function is essential for heart development, proper oxidative folding, quality control of membrane-bound and secretory proteins, and in regulating stress responses. 1 Changes in intracellular Ca 2+ , molecular chaperone activities, the protein glycosylation machinery, or redox status in the ER lumen will induce unfolded protein response (UPR) that is a compensatory mechanism to manage these insults in the ER. The UPR process includes inhibition of protein synthesis, protein refolding, and degradation of misfolded proteins. 2 Prolonged ER stress in cardiac muscle can induce cell death, cardiomyopathy, and heart failure (HF). 3-5. The ER resident protein 44 (ERp44; originally referred to as Txnd4) is a UPR-induced ER protein of the protein disulphide isomerase (PDI) family. 6 ERp44 may regulate oxidative protein folding and client protein homeostasis through thiol-mediated protein retention in the ER. [6] [7] [8] ERp44 has been shown to inhibit Ca 2+ release through binding and inactivating inositol trisphosphate receptor 1 (IP 3 R1). 8 ERp44 binds to the third luminal loop of the IP 3 R1, which is the home to structural differences between IP 3 R subtypes, suggesting that the interaction of ERp44 might be specific for type 1 IP 3 R. 8, 9 ERp44 binding with IP 3 R increases with H + concentration;
however, at neutral pH, oxidized ERp44 dissociates from the IP 3 R, whereas the reduced form of ERp44 can still bind with IP 3 R. 8, 9 Altogether, ERp44 binding appears to confer a sensitivity to Ca 2+ , pH, and redox state upon the IP 3 R. 8, 9 Furthermore, Mikoshiba showed that agonist-induced Ca 2+ release was inhibited by overexpression of ERp44 and enhanced by siRNA-mediated knockdown of endogenous ERp44 in HeLa cells. 8, 9 In a "normal" ER environment, little signaling events, leading to cell death. 10 However, despite this knowledge, the physiological role of ERp44 in the heart is still unclear.
To gain insight into the physiological role of ERp44 in the heart in vivo and in vitro, we generated multiple model systems, including an ERp44 knockout (KO)/lacZ knock-in (KI) mouse, zebrafish morphants, and ERp44 À/À embryonic stem cell (ESC)-derived cardiomyocytes (ESCCs), and show that ERp44 plays a crucial role in heart development and function.
Methods Generation and Genotyping of ERp44 KO Mice
The University of Toronto Animal Care and Use Committee approved all experiments (Toronto, Ontario, Canada). Genetrapped ESC line XB599 (MMRRC Stock No. 015890-UCD; Bay Genomics, San Francisco, CA) was utilized to generate ERp44-null mutant mice. By analysis of the 5 0 tag ERp44-XB599 sequence, we determined the gene trap vector inserted into ERp44 genomic intron 1 using a forward primer (F147 5 0 CCGTCGTTACCATGAATCCT3 0 ) designed to recognize
ERp44 exon 1 and a reverse primer designed to recognize the lacZ reporter gene (lacZR2 5 0 GACAGTATC GGCCTCAGGAA GATCG3 0 ). A mutant allele resulted in an ERp44 exon1-lacZ fusion product of 294 bp by reverse-transcriptase polymerase chain reaction (RT-PCR). Sequence analysis of the RT-PCR product and genomic DNA PCR confirmed the gene-trapping vector insertion into ERp44 intron 1. Southern blot hybridization was performed with a lacZ probe to detect the gene insertion event.
XB599 ESCs were aggregated with diploid embryos at The Toronto Center for Phenogenomics to obtain germ-line transmission. Viable and fertile chimeras with the mutant allele were crossed to 129SvEv mice and backcrossed to C57BL/6 for a minimum of 7 generations. For genotyping, wild-type (WT) allele primers (ERp44-in) were designed against lacZ insertion sites in intron 1, and a reverse primer was designed downstream of lacZ knockin, producing a 993-bp WT DNA fragment. A second set of WT primers were designed to produce a small fragment (ERp44 WT1-F131/mERp44-R611). The WT allele gave a product of 481 bp. A final set of primers (ERp44 WT2 mERp44-In1F446/ERp44In1R612) produced a WT allele product of 167 bp. LacZ primers were designed against upstream lacZ cDNA sequences where lacZF270/lacZR630 primers against the mutant allele resulted in a product of 361 bp. All primers sequences are shown in Table 1 .
Aortic Banding Surgery Experiments
Aortic banding (AB) surgery was performed in 12-week-old male (25 to 27 g) ERp44 +/À mice and WT littermates, as described previously. 11 Animals were observed every 2 hours after AB surgery for 24 hours and followed for up to 8 weeks. Some mice were euthanized post-AB surgery at 48 hours and 1 and 2 weeks (n=5 surviving animals per time point, per group). Hearts were harvested, rinsed with cold PBS, frozen, and stored at À80°C. Cardiac function by echocardiography was assessed on surviving mice at postoperative weeks 1 and 2 (n=10 for sham per group, n=7 for WT, and n=9 for ERp44 +/À in AB group). Animals were euthanized, and hearts were perfusion-fixed with 4% paraformaldehyde (PFA) and sectioned for pathological studies.
Immunoblotting, Immunoprecipitation, and Quantitative RT-PCR Samples were lysed in buffer containing 20 mmol/L of HEPES (pH 7.9), 50 mmol/L of NaCl, 0.5 mol/L of sucrose, 0.1 mmol/L of EDTA, 0.5% Triton X-100, and protease inhibitors (F. Hoffmann-La Roche AG, Basel, Swizterland) and blotted. In some cases, nuclear extracts were isolated according to the Nuclear Extraction Protocol from Life Technologies (Carlsbad, CA). Antibodies used were rabbit anti-ERp44, IP 3 R, GRp78, GRp94, PDI, calnexin, calsequestrin, peIF2, cytochrome c, caspase 3, caspase 12, phospholamban (PLN), pPLN (Ser16,Thr17), pRyR S2808, pRyR S2814, and mouse monoclonal anti-CHOP, caspase 9 (all from Cell Signaling Technology, Beverly, MA); mouse monoclonal antibodies from Abcam (Cambridge, MA) were anti-ryanodine receptor 2 (RyR 2 ), sarcoplasmic reticulum Ca 2+ ATPase (SERCA2a), sodium-calcium exchanger (NCX1), and dihydropyridine receptor (DHPR); and mouse monoclonal anti-antibodies from Sigma-Aldrich (St. Louis, MO) were nuclear factor of activated T-cell transcription factor 2 (NFAT2), GAPDH, and b-actin. For immunoprecipitations (IPs), cardiac cells were isolated and treated with the membrane-permeable cross-linker, dithiobis[succinimidyl propionate (DSP, 2 mmol/L; Pierce Chemicals, Rockford, IL), also referred to as Lomant's reagent, in Krebs-Ringer phosphate buffer (KRPB) for 30 minutes at room temperature (RT). After washing with KRPB, cells were lysed with 20 mmol/L of HEPES (pH 7.9), 50 mmol/L of NaCl, 0.5 mol/L of sucrose, 0.1 mmol/L of EDTA, 0.5% Triton X-100, and protease inhibitors (Roche). Five hundred microliters of lysate were incubated with 10 lg of ERp44 antibody and Protein G Sepharose for 24 hours at 4°C. The beads were washed 5 times, and proteins were eluted at 65°C for 10 minutes in SDS-PAGE sampling buffer. The lysate (input), IP samples, and controls were analyzed by immunolotting.
For quantitative (q)RT-PCR, RNA was extracted with Trizol and processed as previously described. 12 First-strand cDNA was synthesized using RT with random hexamers from 0.5 lg of total RNA in a 20-lL reaction volume according to the manufacturer's protocol (Qiagen, Hilden, Germany), then one 
Transmission Electron Microscopy
Transmission electron microscopy (TEM) experiments were performed at the Pathology Laboratory of Mount Sinai Hospital (Toronto, Ontario, Canada). Heart tissue, neonatal cardiomyocytes from ERp44 deficient and WT mice, and whole zebrafish were fixed in 2% glutaraldehyde and 0.1 mol/L of sodium cacodylate for 3 hours at RT, rinsed in PBS buffer, and postfixed in 1% osmium tetroxide PBS buffer followed by ethanol dehydration series and propylene oxide, and finally embedded in Quetol-Spurr resin. Sections (100 nm thick) were obtained using an RMC MT6000 ultramicrotome (Boeckeler Instruments, Inc., Tucson, AZ), followed by staining with uranyl acetate and lead citrate, and the electron microscopy (EM) image were obtained by an FEI Tecnai 20 TEM.
Mouse Neonatal and Adult Cardiomyocyte Isolation
Neonatal myocytes were isolated according to our previously published procedures. 13 Briefly, each heart was isolated and cut into small pieces, washed, and then incubated with 1 mg/ mL of collagenase type II (Worthington Biochemical Corporation, Lakewood Township, NJ) and 0.5 mg/mL of pancreatin (Sigma-Aldrich) for 2 hours, deactivated with 1 mL of 10% FBS DMEM/F12 media, and then cells were isolated and preplated for 2 hours to remove the cardiac fibroblasts. Ventricular cells were plated, allowed to recover, and cultured for 5 days. Five-day-old cells were used for Ca 2+ imaging and other cellular assays. Mouse adult cardiomyocytes were isolated as previously described.
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Preparation of ESCs and Generation of ERp44
À/À
ESCs and ESCCs
ESCs were cultured and maintained as previously described. 17 Briefly, the XB599 ERp44 +/À ESC line (E14Tg2a.4 129/Ola) was maintained on feeder layer from primary embryonic fibroblast in high-glucose DMEM (Wisent, Inc., Saint-Jean-Baptiste, Quebec, Canada) supplemented with 2 mmol/L of L-glutamine, 100 lg/mL of penicillin/ streptomycin, 0.1 mmol/L of nonessential amino acids (Sigma-Aldrich), 0.05 mmol/L of b-mercaptoethanol, 15% FBS (Wisent), and 10 ng/mL of leukemia inhibitor factor (LIF). The ERp44 gene-trapping XB599 ESC line was originally targeted at one locus with a neomycin-targeting cassette. This cell line was successfully selected with high concentrations of G418 to obtain double KO ERp44 ESC. ESCs were differentiated into cardiomyocytes by a previously described method. 19 Briefly, ESCs were placed on a gelatin-coated dish and cultured in ESC culture medium without LIF for 48 hours, and then the ESC suspension was spotted in the form of a hanging drop (400 cell/20 lL) in the lid of a Petri dish for 2 days to allow further proliferation and increase their size. Embryoid bodies (EBs) were then collected and transferred into dishes with fresh media and left in suspension for 3 days. Finally, the EBs were plated onto gelatin-coated tissue culture dishes. 19, 20 The medium was changed to 5% FBS DMEM, and culture was continued for 10 to 25 days (differentiation phase). The first beating clusters formed at day 7 of differentiation. Ca 2+ imaging was performed on cells at 10 to 15 days of differentiation.
Lentivector Construction and Transduction of Mouse Neonatal and Adult Cardiomyocytes
Lentiviral ERp44 cDNA (Catalog No.: OHS-1770-9381769; Open Biosystems, Huntsville, AL) was constructed using the Gateway expression system (Invitrogen, Carlsbad, CA) and transfected into mouse neonatal and adult cardiomyocytes (MNCs), as described previously. 12 Briefly, neonatal cardiomyocytes were incubated with lentiviral supernatant overnight, and fresh medium was replaced after 24 hours, followed by 2 lg/mL of puromycin-containing media for 72 hours to select the puromycin-resistant homogenous population of transduced cells.
Biochemical Assays
3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT; assays were carried out for detection of cell viability using the MTT Assay (Sigma-Aldrich), according to the manufacturer's instructions. Cells were cultured and treated in 96-well plates. Approximately, 0.5 mg/mL of MTT was added to each well, and the plate was placed in the incubator (37°C) for a period of 4 hours. Untransformed MTT was removed and formazan crystals were dissolved in dimethyl sulfoxide (DMSO; 150 lL/well). Formazan absorbance was measured at 570 nm. Mitochondrial membrane potential (MMP) was detected in cells using 50 nmol/L of vital mitochondrial dye JC-1 (Molecular Probes, Eugene, OR), and apoptosis was measured by Annexin V and propidium iodide (PI) staining, fluorescence-activated cell sorting (FACS) analysis, and by labeling of terminal deoxynucleotidyl transferase dUTP nick end labeling (TUNEL)-positive nuclei. 13 indicator, Fura-2AM (Molecular Probes), as previously described. 22 Briefly, cells were incubated for 30 minutes with 1 lmol/L of Fura-2AM and then cells were washed with DMEM/F12 culture medium. Image capture and processing were carried out with a Ca 2+ imaging system (Olympus, Tokyo, Japan). Ca 2+ release amplitude was measured by normalized basal fluorescence to peak fluorescence intensity (FI). Rhod-2AM (Invitrogen) was also used to visualize mitochondrial Ca 2+ according to protocols resulting in the reduction of the ester by sodium borohydride that directs Rhod-2 fluorescence to the mitochondria. 23 Briefly, cells were incubated for 60 minutes with 5 lmol/L of Rhod-2AM culture medium and then cells were washed with culture medium. Total fluorescence was measured at a 581-nm wavelength with a PerkinElmer plate reader.
In Vivo Cardiac Function Measurements and Cardiac Morphometry
Cardiac function was monitored by noninvasive echocardiographic imaging. Echocardiography was performed under light anesthesia with isoflurane, as previously described. 12, 21 Morphometric analysis was performed on cardiac sections using a quantitative image digital analysis system. Relative ventricular diameters were determined as previously reported. 21 For heart and body weight or tibia length measurements, each heart was weighted after being washed and blot-dried before being snap-frozen in liquid nitrogen. Measurements were expressed as heart weight to body weight (HW/BW) ratios in milligrams per gram and heart weight to tibia length (HW/TL) ratios in mg/mm.
Zebrafish Studies
Zebrafish were raised in a healthy aquatic circulating environment system at St. Michael's Hospital Zebrafish facility (Toronto, Ontario, Canada). The collection of fertilized eggs was obtained through pair-wise breeding according to the standard method previously described. [24] [25] [26] Morpholino oligonucleotides (MOs) against the zebrafish ERp44 transcript were custom-synthesized by Gene Tools (Carvalis, OR), and their sequences are shown in 
Statistical Analysis
All results are expressed as meanAESEM. Shapiro-Wilk's tests were carried out in all the experiments in order to confirm homogeneity and normal distribution. Student t tests were utilized for comparisons between 2 groups. One-way ANOVA was performed for testing differences between multiple groups. Two-way ANOVA was performed to compare the effect of multiple levels of factors. Tukey's HSD (honest significant difference) post-hoc tests were performed after the ANOVA analysis. Kaplan-Meier's plots were utilized to generate the survival curves. The log-rank test was used to analyze the survival curves. A P value <0.05 was considered significant.
Results
Generation and Characterization of ERp44 KO/LacZ KI Mice
We generated ERp44-null mutant mice through ESC aggregation utilizing the gene-trapped ES cell line, XB599 (IGTC). The ERp44 gene was disrupted by fusion of ERp44 with a lacZ neomycin cassette insertion into intron 1 ( Figure 1A and 1B). This was confirmed using Southern blotting ( Figure 1C ) and genomic PCR ( Figure 1D ). ERp44 mRNA and protein levels were undetectable in the KO mouse monitored by RT-PCR ( Figure 1E ) and immunoblot ( Figure 1F ). The KO mice showed significant embryonic and/or perinatal lethality, demonstrated retarded development, and possessed a very low survival rate into adulthood. The very few surviving KO mice have a shortened lifespan and died around 8 to 9 months of age ( Figure 1G ). The surviving KO mice have 40% to 50% smaller body size, compared to WT mice ( Figure 1H and 1I ). As shown in Table 2 , the highest mortality of KO embryos was observed at E9.5 to E12.5. LacZ staining of tissue sections in a 6-month-old KO mouse showed that LacZ expression was driven in various tissues, including the kidney, spleen, gastrointestinal tract, liver, and heart ( Figure 2) . We analyzed the cardiac phenotypes in surviving KO mice. ERp44 was detected in WT cardiac sections, but not in KO heart, using immunohistochemistry (IHC; Figure 3A ). Heart sections stained for H&E revealed slightly abnormal cardiac morphology in KO mice, compared to WT, with evidence of mild fibrosis and increased cell size in KO mice ( Figure 3B ). Heart sections were stained with WGA ( Figure 3C and 3D) to visualize cell dimension, which showed greater cardiac cell area in KO versus control ( Figure 3E ; n=150/genotype; P<0.05). The HW/BW and HW/TL ratio of the KO was significantly higher versus the WT ( Figure 3F ; n=5/genotype; P<0.05), suggesting cardiac hypertrophy in the KO mice. EM of cardiac sections revealed significant myocyte swelling, mitochondrial membrane rupture, and cardiac myofibril disorganization in KO mice ( Figure 3G ). M-mode echocardiography ( Figure 3H ) showed cardiac dysfunction in the few surviving 6-month-old KO mice, with increased left ventricular end-diastolic diameter (LVEDD) and reduced fractional shortening (FS; Figure 3I and 3J). Real-time qRT-PCR showed that hypertrophic markers atrial natriuretic factor (ANF) and B-type natriuretic factor (BNF) were significantly increased in KO mouse hearts ( Figure 3K ).
ERp44-lacZ Expression During Heart Development
The lacZ KI reporter gene allowed us to examine ERp44 expression patterns in the hearts of ERp44 +/LacZ . We determined ERp44-lacZ expression by lacZ staining of whole-mount embryos and tissue sections from WT and ERp44 +/LacZ mice. Whole-mount staining showed lacZ expression in the earliest stages (7.5 days postconception [dpc]) of the developing embryo that remained high through 12.5 dpc ( Figure 4A ). Immunoblot analysis of isolated hearts from WT embryos showed ERp44 highly expressed in early development and levels slowly declining as the hearts developed ( Figure 4B ). LacZ staining showed high expression of lacZ in the E13 and P1 hearts, with expression into adulthood ( Figure 4C Figure 4D ). Double IF staining with anti-lacZ/ERp44 antibodies reveals the higher ERp44/ lacZ expression in epicardium, compared to myocardium, in P7 old mice ( Figure 4E ). In the 12-week-old mice, ERp44 fluorescence intensity was significantly higher in the epicardium, compared to myocardium ( Figure 3F ; n=3/genotype; P<0.05). ERp44 FI was significantly lower in the epicardium of 12-week-old ERp44 heterozygous mice, compared to WT mice ( Figure 4F ; n=3/genotype; P<0.05). Endogenous ERp44 in cardiac sections showed very strong IHC staining in E13 embryo ( Figure 4G and 4H) . After E13, high expression of ERp44 in the outer epicardial region and the epicardial/ myocardial border was observed ( Figure 4I ). Potassium volt- age-gated channel subfamily D member 2 (KV4.2) has been shown to be highly expressed in the epicardial myocardial region of the adult heart; hence, we stained the adult heart with KV4.2 antibody to observe its pattern of expression, compared to ERp44. KV4.2 was expressed in the epicardium myocardium region of the adult heart, a very similar H&E-stained heart sections. C and D, Wheat germ agglutinin (WGA) staining in ERp44 +/+ and ERp44 À/À hearts. E, Quantification of cell size using ImageJ (National Institutes of Health, Bethesda, MD) analysis of WGA-stained hearts (n=150/genotype; P<0.05). F, Heart mass to tibia length (HW/TL) and body weight (HW/BW) (n=5/genotype; *P<0.05). G, EM analysis reveals swelling, structural disruption, and membrane rupture in the mitochondria (arrows) in late-stage ERp44 À/À mice. H, Cardiac function assessed in mice using M-mode echocardiography. I, LV internal diameters in diastole (LVIDd) and (J) fractional shortening (FS) measurements. K, Expression of ANF and BNF in hearts were quantified by qRT-PCR (n=3/genotype; *P<0.05). (L) Quantification of mitochondrial size using ImageJ analysis of EM heart images. Mean valuesAESEM were determined (n=5/genotype; *P<0.05). ANF indicates atrial natriuretic factor; BNF, B-type natriuretic factor; EM, electron microscopy; ERp44, endoplasmic reticulum resident protein 44; LV, left ventricle; LVEDD, LV end-diastolic diameter; qRT-PCR, quantitative real-time polymerase chain reaction. expression pattern to ERp44 in the adult heart ( Figure 4J and  4K) . Based on the known interaction between ERp44 and IP 3 R, adult hearts were stained with IP 3 R; and given the homology and functional overlap between IP 3 R and RyR 2 , we also assessed RyR 2 confocal localization. The result shows that although IP 3 R staining, and RyR 2 to a lesser extent, showed a very slight enhanced expression in the outer epicardial region, they did not have the same transmural expression gradient as ERp44 ( Figure 4K ). At 12.5 dpc, there were few dead KO embryos (3 of 5) that showed a phenotype similar to a condition called encephalocele ( Figure 4L ). Figure 5A and 5B). Transfecting WT cardiomyocytes with lentivirus-HIS-tagged ERp44, followed by IP of ERp44 with an anti-ERp44 antibody showed a clear coprecipitation of IP 3 R with ERp44 and was confirmed using the anti-His antibody (results not shown). To investigate the in vivo ERp44 and IP 3 R interaction in cardiac cells, we isolated P1 and 3-month-old cardiomyocytes and treated them with the membrane-permeable crosslinker, DSP (2 mmol/L), followed by an IP with anti-ERp44 and control rabbit IgG, consistent with earlier conditions used by Mikoshiba's group in similar experiments using Hela cell lysates. 8 In both the P1 neonatal and 3-month-old adult tissues, we were able to coprecipitate IP 3 R from ERp44-conjugated beads ( Figure 5C ). ERp44 has been implicated in Ca 2+ dynamics; hence, immunoblots were performed to determine the levels of Ca , and ERp44
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À/À neonatal mice and 6-month-old adult mice. These studies showed that the protein levels of the major cardiac Ca 2+ handling proteins, namely, IP 3 R, RyR 2 , SERCA2, NCX, and PLN, were not significantly affected, whereas DHPR expression was increased in ERp44 KO neonatal mice (n=3/ genotype; P<0.05). In the 6-month-old adult mice, RyR2 and SERCA2 protein levels were significantly decreased, whereas DHPR levels remained elevated ( Figure 7B ). Nuclear NFAT2 levels were elevated in ERp44 KO neonatal and 6-month-old adult mice ( Figures 5D and 7B) . Levels of phosphorylated PLN and RyR were also elevated in the mutant models ( Figures 5D  and 7B ). We next assessed Ca 2+ transients in ERp44
and ERp44 À/À MNCs using the Ca 2+ indicator, Fura-2AM
(1 lg/mL; Figure 6A ). As shown in Figure 6A 
ER Stress-Induced Apoptosis in ERp44-Deficient Models
Given the Ca 2+ transient defects and that Ca 2+ released from the ER has a profound effect on ER stress and cell viability, 30 we determined ER stress levels, cell viability, mitochondrial health, and apoptosis in ERp44-deficient cardiac cells. In ERp44 À/À 6 months old hearts there was a significant K L Figure 3 . Continued increase in gene expression for nearly all the ER stress response members, including PDI, glucose-regulated protein 78 kDa (GRP78), CHOP, ERp72, activating transcription factor 6 (ATF6), ER membrane oxidoreductase 1 (ERO1), heat shock protein 70 (HSP70), and X-box-binding protein 1 (XBP-1), when compared to WT mice ( Figure 7A ; n=3/genotype; P<0.05). The ER stress response was also observed in the ERp44-deficient mouse neonatal cardiac cells ( Figure 5D ). Moreover, the ER stress response proteins, GRp78, GRp94, peIF2, and CHOP, and apoptotic markers cytochrome c and +/À at postnatal day 7 (P7). F, Quantification of ERp44 IF intensity from epicardium and myocardium ERp44 +/+ and ERp44 +/À mouse heart at 12 weeks (n=3/genotype; **P<0.01). G, Immunohistochemistry staining of E13 (E and F) and 3-week-old (G) mouse heart using anti-ERp44. H and I, Transmural expression of ERp44 in adult WT heart. J, IF confocal images of adult heart section stained with ERp44 (green), phalloidin (red; F-actin dye), CD31 (white), and Hoechst (blue). K, Adult heart stained with ERp44 (red), KV4.2 (green), IP 3 R (green), and RyR 2 (green), and Hoechst (blue caspase-3 protein expression levels were all increased in hearts of 6-month-old ER44-deficient mice ( Figure 7B ), whereas other ER Ca 2+ -binding proteins calnexin and calsequestrin were not affected. Cell viability measured by an MTT assay was decreased significantly in ERp44-deficient MNCs ( Figure 7C ), compared to WT cells. MMP was assessed using MitoTracker and JC-1 fluorescence assays and showed that ERp44-deficient cells had significantly decreased fluorescence indicative of mitochondrial dysfunction ( Figure 7D) Figure 8B through 8D). Of the surviving mice, qRT-PCR showed that ANF was significantly up-regulated in the ERp44 +/À heart (Figure 8E ). Histological analysis of heart sections along with Masson's trichrome staining, H&E staining, and WGA staining showed significant cardiac cell hypertrophy and increased collagen in ERp44 +/À AB mice, compared to WT mice 2 weeks postsurgery ( Figure 8F and 8G). EM examination revealed an aberrant myocardial ultrastructure in ERp44 +/À myocardium after 2 weeks postsurgery, characterized by mitochondrial swelling, degeneration of the mitochondrial matrix, poorly developed cristae and electron-dense matrix deposits, and crystalline and amorphous inclusions and vacuolization, together with cardiac myofibril disorganization, none of which were apparent in the myocardium of WT AB cardiomyocytes ( Figure 8H ). After 2 weeks, the thickness of the interventricular septum diameter (IVSd), LV posterior wall diameter (PWd), the LV end-systolic diameter (LVESD), and LVEDD were all increased significantly in the ERp44 +/À heart, whereas FS and HR were significantly decreased, compared to WT mice (P<0.05; Table 3 ). AB further led to substantially increased expression of ER stress response genes, including PDI, ERo1, CHOP, ATF6, GRp78, HSP70, and spliced XBP-1 in ERp44 +/À mice, compared to WT control, within 2 weeks postsurgery (results not shown). TUNEL staining of heart sections showed a significant increase of TUNEL-positive cells in ERp44
, compared to WT mice ( Figure 8I ). Immunoblots for cleaved caspase-12, -9, and -3 showed significantly Krebs-Ringer phosphate buffer (KRPB) for 30 minutes and washed 3 times with KRPB and subjected to IP with anti-ERp44 and control set of beads using rabbit IgG with beads alone, and samples analyzed by immunoblot with the anti-IP 3 R, and anti-ERp44 antibodies. Input controls were included. D, Immunoblot analysis of ER proteins, Ca 2+ channels handling proteins and p-RyR S2808, p-PLN (Ser16/Thr17) in the ERp44 +/+ , +/À , and À/À mouse neonatal P1 heart tissues. Nuclear NFAT2 levels were assessed using enriched nuclear proteins (n=3/genotype; *P<0.05).
Experiments were repeated 3 times independently. DHPR indicates dihydropyridine receptor; DSP, dithiobis[succinimidyl propionate]; ERp44, endoplasmic reticulum resident protein 44; IP, immunoprecipitation; IP 3 R, inositol trisphosphate receptor; MNCs, mouse neonatal cardiomyocytes; NCX, sodium-calcium exchanger; NFAT2, nuclear factor of activated T-cell transcription factor 2; PDI, protein disulfide isomerase; PLN, phospholamban; qRT-PCR, quantitative real-time polymerase chain reaction; RyR, ryanodine receptor; SERCA2a, sarcoplasmic reticulum Ca 2+ ATPase; WB, Western blot.
increased levels in ERp44 +/À banded hearts, compared to WT mice ( Figure 8J ).
Cardiac and Embryo Development Phenotypes of Zebrafish zERp44 Morphant
The zebrafish ERp44 (zERp44) protein has high homology (78%) to the human ERp44 protein sequence and is abundantly expressed during zebrafish embryonic development, as demonstrated by RNA in situ hybridization studies (http://zfin.org). We observed that zERp44 is abundantly expressed during embryonic development by RT-PCR (Figure 9A ) and immunoblotting ( Figure 9B ), although expression is reduced in the more mature fish (1 month old). We knocked down (KD) zERp44 expression by designing gene-specific SMO and AMO ( Figure 9C and 9D) . After MO injection, 4-dpf embryos were collected and immunoblot analyses showed significantly reduced (70% to 80%) zERp44 levels in the zERp44 SMO morphant, compared to control MO (CMO). The zERp44 AMO morphant showed near complete disruption of ERp44 expression ( Figure 9C ). Consistent with the severe embryonic lethality observed in ERp44 KO mice, we observed that the vast majority of AMO zebrafish embryos died within 1 to 3 days after injection. We thus focused our studies using the SMO morphant. In the embryos microinjected with SMO, there was a marked decrease in thickness of the ventricular and atrial wall in morphants, in particular the atrial wall, which is almost made out of a single layer of cardiomyocytes with fewer cells in the endocardium cushions area ( Figure 9E ). We also observed consistently enlarged heart chambers in hearts isolated from SMO-injected embryos at 7 dpf, compared to CMO-injected fish ( Figure 9F ). Ninety-five percent of the embryos showed consistently retarded embryonic development with a "curved" body at 24 hours postfertilization (hpf), 48 hpf, and 4 dpf, compared to CMO-injected embryos ( Figure 9I ). In hearts of SMO-injected cmlc2:EGFP 33 embryos, we observed an enlarged heart atrial chamber and abnormal looping at 48 and 96 hpf ( Figure 9J ). Pericardial edema, slowed blood circulation, and blood retention was frequently observed in SMO-injected embryos ( Figure 9I ). Phenotyperescue experiments by coinjecting ERp44 mRNA together with the SMO resulted in the rescue of the heart and body developmental phenotypes, as well as Ca 2+ transient (Figure 9O and 9P ) and ultrastructural defects in zERp44 morphants ( Figure 9G ).
Discussion ERp44 Plays a Crucial Role in Cardiac and Embryonic Development
Disruption of the mouse ERp44 gene results in embryonic lethality as early as embryonic day (E)9.5. ERp44 KO embryos were smaller and had clear neural tube defects at E12.5. KD of ERp44 in the zebrafish also led to embryonic lethality within 1 to 3 dpc. ERp44 KD in the zebrafish revealed various cardiac defects, including failure of looping, thin ventricular wall, decreased endocardial cushion, and abnormal atrioven- Figure 7 . Activation of cellular responses in the ERp44-deficient models. A, qRT-PCR detecting expression of ER stress genes in adult hearts of ERp44 À/À and ERp44 +/+ mice (n=3/genotype). B, Immunoblot analysis of ER proteins, Ca 2+ handling proteins, apoptosis markers, cytochrome c, and nuclear NFAT2 in heart from ERp44 +/+ , +/À , and À/À mice (n=3/genotype). C, MTT viability assay (n=6/genotype). D, MMP assay (n=6/genotype) and (E) mkitochondrial Ca 2+ levels (Rhod-2AM) were detected in MNCs (n=6/genotype). F, ROS were assessed after treatment with Tu (5 lg/mL) for 24 hours using the ROS assay kit (n=6/genotype; *P<0.05; **P<0.01). Experiments were repeated 3 times independently. ATF indicates activating transcription factor; CHOP, CCAAT-enhancer-binding protein homology protein; DHPR, dihydropyridine receptor; ERo, endoplasmic reticulum membrane oxidoreductase; ERp44, endoplasmic reticulum resident protein 44; GRp, glucose-regulated protein; HSP, heat shock protein; IP 3 R, inositol trisphosphate receptor; MMP, mitochondrial membrane potential; MNCs, mouse neonatal cardiomyocytes; MTT, 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide; NCX, sodium-calcium exchanger; NFAT2, nuclear factor of activated T-cell transcription factor 2; PDI, protein disulfide isomerase; PLN, phospholamban; qRT-PCR, quantitative real-time polymerase chain reaction; ROS, reactive oxygen species; RyR, ryanodine receptor; SERCA2a, sarcoplasmic reticulum Ca 2+ ATPase; XBP, X-box protein.
tricular canal. These abnormalities suggest that ERp44 is critical for embryogenesis and is essential for normal heart development. ERp44 is expressed throughout embryo development with high expression in the developing heart. Increased expression was observed in the outflow tract, atrioventricular cushion, developing valves, and upper part of the interventricular septum in the E13 mouse embryo.
The embryonic lethality observed in the ERp44-deficient mouse and zebrafish model may be a result of the interaction between IP 3 R and ERp44. ERp44 has been shown to inhibit Ca 2+ release through binding and inactivating IP 3 R1. 8 mice. Log-rank tests show that survival levels in aortic-banded ERp44 +/+ were significantly higher than ERp44 +/À mice (**P<0.01). Survival level in both sham groups were significantly lower than both aortic banded groups ( ## P<0.01). B, Heart weight to body weight (HW/BW). C, Heart weight to tibia length (HW/TL) of ERp44 +/À (n=7) and control (n=10; **P<0. ERp44, CRT is also highly expressed in the developing heart and similarly expression declines in the mature heart. 39 We also observed %60% of the KO mice at E12.5 displayed encephalocele, a condition caused by improper neural tube closure. As observed in the embryo whole-mount staining, ERp44 is highly expressed in the developing brain and seems to be highly expressed during neurulation, a complex process involving interactions between neuroepithelial cells and the mesenchyme. Defects in neural tube closure have been observed in various gene KOs, in which the protein plays a role in cell migration, and Ca 2+ signaling. 40 Interestingly, the brain and the heart develop concurrently in the fetus. The development of both organs intersect at several levels, such as stem cell and progenitor proliferation, tissue maturation, as well as left/right and dorsal/ventral developmental patterning. 41 Many of these morphological events in brain and heart development share genetic regulation of the same genes, such as, Notch, Jagged, Nkx2.5, and Nodal.
41
ERp44 +/lacZ protein also presented a transmural gradient expression pattern as the heart developed. In the adult heart, ERp44 distribution showed very prominent enrichment in the outer walls of the heart, with high expression in the epicardium myocardium and epicardial layers. In fact, the staining pattern for ERp44 shows striking similarities to the transient cardiac outward potassium current (I to ) consisting of Kv4. 
ER Stress and Apoptosis in ERp44-Deficient Models
ER stress and apoptosis are detected in ERp44 KO mice and zebrafish morphants. Significant increase of ER stress genes, such as PDI, CHOP, and XBP-1, is observed in ERp44-deficient cardiac tissue. Decreased cell viability, MMP, and increase of Ca 2+ concentration in the mitochondria and ROS detection after Tu treatment is also observed in ERp44-deficient MNCs, ESCCs, and cardiomyocytes of zebrafish morphant cardiomyocytes. Interestingly, the ERp44 +/À AB mice also showed greater increase of ER stress genes in 2 weeks postsurgery, compared to WT AB mice. ERp44 has been shown to be involved in formation of mixed disulfide bonds with various proteins to regulate transient data with or without histamine or 2-APB treated (n=30/group). Two-way ANOVAs were performed and Tukey's post-hoc tests were used (**P<0.01 for comparing the CMO vs. SMO groups; ## P<0.01 for comparing the untreated and treated groups). O, Representative tracings of Ca 2+ transients from hearts of 4-dpf KD zebrafish with or without injected ERp44RNA1 (35 ng/mL) or RNA2 (70 ng/mL). P, Quantification of Ca 2+ release amplitude in fish with or without comicroinjection of human ERp44mRNA with MOs (n=30/group; **P<0.01). All experiments were repeated at least 3 times independently. 2-APB indicates 2-aminoethoxydiphenyl borate; CMO, control MO; EGFP, enhanced green fluorescent protein; ERp44, endoplasmic reticulum resident protein 44; FITC, fluorescein isothiocyanate; IP 3 R, inositol trisphosphate receptor; KD, knocked down; MOs, morpholino oligonucleotides; qRT-PCR, quantitative real-time polymerase chain reaction; Tu, tunicamycin; zERp44, zebrafish ERp44.
oxidative protein folding and client protein homeostasis. ERp44 is also active in the Cis-Golgi compartment, where it retrieves unfolded and/or misfolded proteins back to the ER for proper folding to take place. 48 Hence, deficiency of ERp44 can result in the accumulation of unfolded and misfolded proteins and potential cellular dysfunction and pathological consequences of ER stress. Lack of ERp44 can also lead to dysregulation of IP 3 R, which causes significant increase of Ca 2+ release to the cytosol and also in the mitochondria, 8 events that could trigger caspase-9-and -3-induced apoptosis. IP 3 R1 and ERp44 colocalized to the ER and nucleus membranes, and overexpression of ERp44 can result in reduced ATP-induced nuclear Ca 2+ release through IP 3 R1. 8 Altogether, our data suggest that ERp44 deficiency can contribute to disruption in Ca 2+ homeostasis, causing ER stress and eventually apoptosis in cardiac development and cardiomyopathy. 
